Abstract. Temporal changes in the plasma flow and magnetic fields of the Earth's magnetotail in the region of −7.5 > X(RE) > −52.5 and −15 < Y (RE ) < 15 in the GSM coordinates were studied by applying a superposed epoch analysis method to 263 substorm events observed by GEOTAIL spacecraft. The onset times of the substorms were determined with Pi-2 pulsations at Kakioka station. It was found that the tailward flow associated with plasmoids started about 2 or 3 min before the Pi-2 onsets, and the earthward flow became somewhat coherent 1 min before the onsets. The variation of the northward magnetic field component was investigated by obtaining the deviation of this component from that in the interval from 10.5 to 7.5 min before the Pi-2 onsets. We found that the northward magnetic field increased at X ∼ −10RE and decreased at X ∼ −28RE simultaneously in the premidnight tail immediately after the onsets. These variations definetely correspond to the dipolarization and plasmoid formation, respectively.
Introduction
A number of substorm models have been proposed to date. Among these, the near-Earth neutral line (NENL) model excels in that it explains the generation of plasmoids, and accordingly it is regarded as one of the primary substorm models [Hones, 1976] .
In the meantime, auroral break-ups associated with a substorm occur in a region which can be mapped to the premidnight tail at the distance of ∼ 8RE . Various changes in the magnetic fields and current system, such as dipolarization and current disruption, take place in that region. In order to explain such a transition from a quiet to a disturbed state, various models, such as the ballooning instability [Roux et al., 1991] , the kinetic drift instability [Lui et al., 1990] and the unstable magnetosphere-ionosphere coupling system [Kan et al., 1988] , have been proposed. Those models are advantageous in that they explain the location and timing of the auroral break-ups. However, as a drawback, it is often said that they cannot necessarily account for the creation of a plasmoid as a natural consequence. Therefore, it is a matter of great importance to examine the timing of the plasma flow changes, the magnetic field changes, and the variations in other parameters at X ∼ −10RE, i.e., the variations associated with the dipolarization or the current disruption, and those observed at X ∼ −30RE associated with plasmoid formation. With such a timing analysis, one can expect to solve the causality relationship issue and derive significant information to clarify the principal mechanism of substorms.
There may be several different ways to determine substorm onset times, but we determined them by investigating Pi-2 pulsations in the geomagnetic records taken at Kakioka station located at (26.94
• , 208.29
• ) in the geomagnetic dipole coordinates. One sec sampling records were used to determine the onset time of the ground Pi-2. We restricted the substorm events to those which occurred during the interval from 1100 to 1900 UT (2000 -0400 LT) having a positive bay within ±7 min in the H-component of the geomagnetic field relative to a Pi-2 onset. We also required that there were no other Pi-2 pulsations for at least 30 min prior to the onset in each case before that case was selected.
Further, the plasma moment and magnetic field data used in this study were acquired with the Low Energy Particle/Energy Analyzer (LEP/EA) and Magnetic Field Instrument (MGF) onboard the GEOTAIL spacecraft during the period from September, 1993 to August, 1997. The time resolution of both data was 12 sec. A detailed description of the LEP and the MGF can be found in papers by Mukai et al. [1994] and Kokubun et al. [1994] , respectively.
By combining the Pi-2 records and the spacecraft location from −7.5 to −52.5RE in the X-direction, and from −15 to 15 RE in the Y-direction in the GSM coordinate system, we selected 263 substorm events for which onset-times were read in 1 min time accuracy. Figure 1 shows the time evolution of the flow velocity vectors and the deviation of the northward magnetic field component projected on the X-Y plane at 263 different spacecraft locations. The left column shows the flow vectors (V x, V y) in which the positive V x data, i.e., earthward flows, are shown in red, and the negative V x data, i.e., tailward flows, are shown in blue. The flow vectors corresponding to 200 km/s dawnward and tailward velocities are indicated at the top of the figure. These flow vectors, one of five 12 sec sampling data are those which had the maximum value of |V x| during the 1 min interval centered at the time indicated on the left of the figures. Only the plots for t = −5, −3, −1, 1, and 3 are shown. Notice that the flow vectors of all events are shown even if their flow velocities are small, and the sparse coverage between X ∼ −30RE and −55RE is due to the GEOTAIL apogee reduction after March, 1995.
Results
At t = −5 min, there are some large earthward flow vectors, which we regard as having originated from the Distant Neutral Line (DNL). However, there are also some large flow vectors of V x < 0, but most of these also have large duskward flow components. This tendency continued at least from t = −10 min. Then at t = −3 min, some duskward flows of a velocity of about 200 km/s appear in the region around (X, Y ) ∼ (−30, 7)RE , which evolve to pronounced tailward flows, characterizing a structure known as a plasmoid. These flows have duskward flow components of about 100 km/s. After t = 1 min, tailward flows appear with some dawnward flow components around the region −25 > X(RE) > −30 and −10 < Y (RE ) < 0. This can be related to the expansion of the plasmoid as pointed out by Ieda et al. [1998] . As for the earthward flows, it seems that they become somewhat coherent at 1 min before the Pi-2 onset. However, if we separate them into parallel and perpendicular components, it turned out that these fast earthward flows are mostly due to the contribution of the parallel motion of the plasma rather than the perpendicular drift motion which is thought to carry the magnetic flux toward Earth. We also examined an averaged V x for each 1 min interval rather than the maximum earthward (V x) and tailward (−V x) velocities of 12 sec sampling data. It was found that there was not much difference between the averaged flow and the maximum flow when they were tailward. However, there was a notable difference in that the flow velocities were relatively small for the averaged data, but some of them were very large for the maximum flow data for the earthward flow. We interpret that the earthward flows are intermittent and have large velocities resulting in large maximum values but small averaged values. Such intermittent flows in the tail region must be intimately related to the BBFs which should have a predominant perpendicular velocity by definition [Angelopoulos et al., 1994] . In contrast, the parallel velocity component dominated in the earthward flows in our data set. Figure 1 also shows the temporal change of the northsouth component of the magnetic field, derived by obtaining the deviation (∆Bz) of Bz from its averaged value during the time interval from t = −10.5 to −7.5 min which can be regarded as the growth phase. The positive ∆Bz events are shown in red, and the negative ∆Bz events are shown in blue in the right column. The magnitude of ∆Bz is revealed by a radius of a circle as indicated at the top of the figure. It should be noticed that the indicated values of ∆Bz are those when the earthward or tailward flows are most enhanced during each 1 min time interval. There is a tendency for the positive deviation of Bz to be gradually enhanced in the central part of the tail, while the negative deviation of Bz progresses in the region surrounding that of positive ∆Bz. There are events in which ∆Bz increases associated with the fast earthward flows in the central part starting at around t = −1 min, actually t = −2 min whose plot is not shown here. It is not necessarily clear, but these events seem to be connected to a notable increase of ∆Bz with a magnitude about 5 nT occurring at around (X, Y ) = (−12, 1)RE soon after the Pi-2 onset on the ground as can be seen from the data for t = 1 min. A pronounced decrease in ∆Bz, also about 5 nT, occurs around (X, Y ) = (−28, 7)RE at the same time. It is remarkable that most of the notable negative ∆Bz accompanies the fast tailward flow of the plasmoid. The region of negative ∆Bz also expands in dawnward and duskward directions in accordance with the expansion of the negative V x region in the same directions. There are not enough data points beyond X = −30RE to be conclusive, but we believe that the region of ∆Bz < 0 with V x < 0 flow expands tailward as well, associated with the tailward propagation of the plasmoid. The positive enhancements of ∆Bz in the near-Earth region correspond to the dipolarization of the Earth's magnetic field, which significantly develops after the onset of Pi-2. The dipolarization region also expands in both the dawnward and duskward directions in time.
Discussion
One of the significant results of this study is that substantial Bz field increases at X ∼ −12RE and Bz field decreases together with pronounced tailward flows at X ∼ −28RE took place simultaneously at around t = 1 min. The determination of the Pi-2 onset time has an inherent ambiguity of about 1 min, since the characteristic oscillation period of Pi-2 is from 40 to 150 sec by definition. There are cases in which high-frequency components associated with a Pi-2 burst may improve the accuracy of the onset-time determination. Regardless of these facts, we can conclude that the increase in Bz which corresponds to the dipolarization in the near-Earth region, and the decrease in Bz and the appearance of tailward flows which correspond to the plasmoid formation in the downtail region take place simultaneously, and that the magnetic reconnection can be responsible for creating such a time change.
The region of negative ∆Bz is distributed very close to Earth, surrounding the region of positive ∆Bz. Also, it is apparent that the middle point of these negative and positive ∆Bz regions shifts to the duskward side and is located around (X, Y ) = (−20, 5)RE , which can be roughly regarded as the initial location of the diffusion region. In terms of the magnetic reconnection, the polarity of Bz itself is also quite important. Our analysis shows that the inner most boundary of the events in which the conditions of ∆Bz < 0 and Bz < 0 are satisfied is X ∼ −12RE. This is compatible with the initial location of the diffusion region proposed above. In contrast, the tailward plasma flow seems to start around (X, Y ) = (−26, 6)RE. If we use the plasma flow to infer the location of the diffusion region, we have to pay special attention to the fact that the region where the tailward flow becomes evident is the region where the ions start to be unmagnetized. Specifically, this can be the tailward edge of the thin current sheet rather than the diffusion region itself. This fact is also consistent with our proposal of the initial location of the diffusion region of (X, Y ) ∼ (−20, 5)RE. Our results have to be compared with the location of the diffusion region proposed previously, for example, X < −20RE [Cattell and Mozer, 1984; Baumjohann et al., 1989] , X = −23RE [Fairfield et al., 1998 ], and −20 > X(RE ) > −30 [Nagai et al., 1998 ]. Our results show a location slightly earthward compared to these results, but compatible with that obtained by Miyashita et al. [1999] who found that the total pressure (the sum of the plasma pressure and the magnetic pressure) reduces first around (X, Y ) ∼ (−18, 7)RE during a substorm.
In this study, we determined the onset of substorms by the Pi-2 event on the ground. Other methods could be developed to determine substorm onset times. For example, one could use the aurora data from either multi-point ground-based observations or global imaging by an onboard spacecraft instrument. The relationship between the results derived from our method and these other methods will be definitely important. In this context, it should be emphasized that the substorm onset in this paper is actually the Pi-2 onset on the ground. In spite of those facts, the systematic variations of the plasma flow and magnetic fields such as simultaneous sudden increases and decreases of the ∆Bz corresponding to the dipolarization and the plasmoid formation, strongly support the validity of our method to use the Pi-2 onset as a time mark. In contrast, the fact that the Pi-2 onset may be used as a valid time mark also suggests that the Pi-2 is closely related to the magnetic reconnection. 
